Acute hemolytic anemia associated with red blood cell (RBC) glucose-6-phosphate dehydrogenase (G6PD) deficiency is commonly encountered in the Mediterranean basin. Nevertheless, concomitant clinical evidence of white blood cell G6PD deficiency is extremely rare in Israel. This study sought to assess simultaneously levels of G6PD activity in polymorphonuclear leukocytes (PMN) and in red blood cells (RBC) of patients with G6PD deficiency, including full-term newborn infants. In PMN, the correlation between G6PD activity, hexose monophosphate shunt activity, and superoxide anion release was evaluated. In G6PD-deficient patients, a parallel and significantly decreased G6PD activity was found in neutrophils (range of activity 0 -4.5 IU/10 6 PMN) and erythrocytes (range of activity 0 -1.8 IU/g Hb), compared with healthy controls (5-23 IU/10 6 PMN and 2.4 -6.4 IU/g Hb, respectively). A positive correlation was found in PMN between the levels of G6PD activity, hexose monophosphate (HMP) shunt activity, and superoxide anion release (p Ͻ 0.01). Nevertheless, all patients' bactericidal activity of neutrophils remained in the range of healthy controls. Although many episodes of acute hemolytic anemia were recorded, no increased incidence of pyogenic infections was observed in any group of patients investigated. Neutrophil and erythrocyte G6PD levels were re-assessed in some of these patients several times a day. A significant diurnal fluctuation of the enzyme activity was found. It is speculated that the patients produce fluctuating daily quantities of NADPH, sufficient to initiate the neutrophil respiratory burst and to achieve normal bactericidal activity, necessary to prevent the development of microbial infections. (Pediatr Res 55: 807-813, 2004) Abbreviations G6PD, glucose-6-phosphate dehydrogenase CGD, chronic granulomatous disease HMP, hexose monophosphate RBC, red blood cell WBC, white blood cell PMN, polymorphonuclear Erythrocyte G6PD deficiency, mainly manifested by hemolytic anemia induced by oxidative stress to the RBC, is a relatively common worldwide disorder (1). The G6PD gene is located on the X chromosome, leading to the clinical manifestations of the disease being usually confined to hemizygous men, although female carriers with marked expression of the aberrant allele may also suffer (2). This entity is encountered among various ethnic groups in Israel as well (3-5).
Acute hemolytic anemia associated with red blood cell (RBC) glucose-6-phosphate dehydrogenase (G6PD) deficiency is commonly encountered in the Mediterranean basin. Nevertheless, concomitant clinical evidence of white blood cell G6PD deficiency is extremely rare in Israel. This study sought to assess simultaneously levels of G6PD activity in polymorphonuclear leukocytes (PMN) and in red blood cells (RBC) of patients with G6PD deficiency, including full-term newborn infants. In PMN, the correlation between G6PD activity, hexose monophosphate shunt activity, and superoxide anion release was evaluated. In G6PD-deficient patients, a parallel and significantly decreased G6PD activity was found in neutrophils (range of activity 0 -4.5 IU/10 6 PMN) and erythrocytes (range of activity 0 -1.8 IU/g Hb), compared with healthy controls (5-23 IU/10 6 PMN and 2.4 -6.4 IU/g Hb, respectively). A positive correlation was found in PMN between the levels of G6PD activity, hexose monophosphate (HMP) shunt activity, and superoxide anion release (p Ͻ 0.01). Nevertheless, all patients' bactericidal activity of neutrophils remained in the range of healthy controls. Although many episodes of acute hemolytic anemia were recorded, no increased incidence of pyogenic infections was observed in any group of patients investigated. Neutrophil and erythrocyte G6PD levels were re-assessed in some of these patients several times a day. A significant diurnal fluctuation of the enzyme activity was found. It is speculated that the patients produce fluctuating daily quantities of NADPH, sufficient to initiate the neutrophil respiratory burst and to achieve normal bactericidal activity, necessary to prevent the development of microbial infections. (Pediatr Res 55: 807-813, 2004) Abbreviations G6PD, glucose-6-phosphate dehydrogenase CGD, chronic granulomatous disease HMP, hexose monophosphate RBC, red blood cell WBC, white blood cell PMN, polymorphonuclear Erythrocyte G6PD deficiency, mainly manifested by hemolytic anemia induced by oxidative stress to the RBC, is a relatively common worldwide disorder (1) . The G6PD gene is located on the X chromosome, leading to the clinical manifestations of the disease being usually confined to hemizygous men, although female carriers with marked expression of the aberrant allele may also suffer (2) . This entity is encountered among various ethnic groups in Israel as well (3) (4) (5) .
G6PD catalyzes the reduction of NADP to NADPH, the first step of the HMP pathway. Phagocytic leukocytes use NADPH as a substrate for the NADPH-oxidase enzyme, which contributes to the killing of ingested microorganisms by subjecting them to highly toxic reactive oxygen species (ROS) and bringing about myeloperoxidase-catalyzed halogenation of proteins. Recently, it was reported that the killing activity of neutrophils is enhanced in yet another way by the NADPH oxidase (6) . Generation of superoxide (O 2 Ϫ ) within the phagosome that contains the ingested microorganisms induces an influx of cations to compensate for the negative charge of the superoxide. The resulting increase in K ϩ ions leads to liberation of proteases from the anionic matrix of the granules that have fused with the phagosome, and an influx of protons is necessary for the creation of an optimal pH for the enzymatic activity of these proteases. Thus, both oxygen-dependent and oxygen-independent mechanisms are activated by the NADPH oxidase, both crucial for the killing process (6 -8) .
The clinical expression of G6PD deficiency includes a wide range of disturbances, such as hemolysis induced by drugs or infections, leukocyte disorders, and organ dysfunctions (1) . Patients with severe leukocyte G6PD deficiency have been reported to be susceptible to pyogenic infections when levels of the enzyme are Ͻ5% of the normal activity (9 -19) . Mediterranean G6PD-deficient subjects were found to have reduced G6PD activity in their leukocytes with accelerated decay of the enzyme under stress (1, 10) . In some areas of the Middle East, a significant incidence in pyogenic infections was reported in RBC-G6PD-deficient patients (20) , although no PMN-G6PD levels were assessed in these patients. In Israel, there has been one report of a fatal bacterial infection in a patient of Ethiopian origin, in which concomitant congenital agranulocytosis (Kostmann's disease) was diagnosed as well (21) .
The aim of the present study was to better understand the reason for the negligible incidence of pyogenic infections in Israeli patients with severe G6PD deficiency and the normal function of their neutrophils with deficient enzymatic levels. Simultaneously, the correlation between the levels of G6PD in erythrocytes and neutrophils was assessed in different age groups. We searched for G6PD-deficient newborn infants to learn whether this condition plays an aggravating factor in their known immune-suppressed state (22, 23) .
PATIENTS AND METHODS
The study group included 33 patients of different ages with erythrocyte G6PD deficiency (enzyme activity levels Ͻ1.8 IU/g Hb) and 32 age-matched healthy subjects. Patients with another associated illness were excluded from the study. The patients were divided into three different age groups with corresponding controls: 9 jaundiced newborn infants (2-30 d old), 9 children (2-12 y old), and 15 adults (18 -54 y old). All patients were Sephardic-oriental Jews or of Arabic origin. Careful patient histories of pyogenic infections were recorded. All patients were clinically healthy at the time of the investigation. No other abnormalities than G6PD deficiency were detected in the jaundiced newborn infants.
PMN and RBC G6PD activities were usually assayed once, but in 12 adults G6PD activities were assessed again within 1-8 wk. In nine healthy controls and in nine G6PD-deficient subjects, the erythrocyte and PMN enzyme activities were determined at three different times on one day (0800, 1300, and 1800 h).
PMN-G6PD levels and PMN bactericidal activity were measured in parallel. Bactericidal activity was investigated in the PMN of 9 newborn infants, 9 children, and 15 adults and in the corresponding controls. HMP shunt activity and simultaneous assessment of superoxide anion release were determined in the PMN of 14 subjects with PMN-G6PD deficiency and in those of 14 healthy controls.
The study has been approved by the Medical-Ethical Committee at Meir General Hospital, Sapir Medical Center, Kfar Saba, Israel. Informed consent was obtained from all patients.
PMN isolation. A 10-mL blood sample was obtained by venipuncture from adults and children and a 5-mL sample from newborn infants, who were simultaneously studied for their neonatal jaundice. PMN were isolated from heparinized blood by dextran sedimentation and density separation, as described by Böyum (24) . After hypotonic red cell lysis, the PMN were resuspended in solutions appropriate for the various assays.
G6PD activity. PMN-and RBC-G6PD enzyme activities were measured spectrophotometrically by monitoring (at 340 nm) the rate of reduction of NADP ϩ to NADPH in hemolyzed erythrocytes or sonicated PMNs (25) . The enzyme activity was assessed immediately after the cell separation.
Activity of HMP shunt. HMP shunt activity was determined by oxidation of glucose-1-14 C. Using glucose-1-14 C as the substrate, cells release 1 mol of 14 CO 2 for each mol of glucose oxidized.
14 CO 2 is trapped in the center well by hyamine hydroxide as hyamine-14 CO 3 , and the radioactivity is then measured by scintillation spectrometry (26) . PMN were suspended in Krebs-Ringer-phosphate (KRGP) buffer (10 6 cells/ mL) with 2 mM [
14 C]-glucose (0.5 Ci/mL) and 1 mM methylene blue. The cells were incubated in sealed tubes with a central well containing filter paper impregnated with 200 L of hyamine hydroxide. After 1 h of incubation at 37°C, 0.5 mL of 2 N H 2 SO 4 was added to stop the reaction and to release 14 CO 2 from the solution. The tubes were subsequently agitated for another 30 min. The filter paper was removed and placed in vials filled with a toluene-based scintillation fluid, and radioactivity was determined in a scintillation spectrometer (Tricarb, Packard Instruments, Downers Grove, IL, U.S.A.).
Superoxide anion release. Superoxide anion release by PMN was determined with the ferricytochrome c reduction technique, in which superoxide dismutase-inhibitable cytochrome c reduction is taken as an index of superoxide production (27) . PMN were suspended in KRP buffer, at a concentration of 2.5 ϫ 10 6 /mL, and incubated at 37°C with 60 M ferricytochrome c (Sigma Chemical, St. Louis, MO, U.S.A.). To initiate the reaction, fMLP (formyl-methionyl-leucylphenylalanine) at 10 Ϫ7 M was added. After 15 min, the reaction was stopped by the addition of cold N-ethyl-maleimide. Identical reaction mixtures were simultaneously monitored in the presence of superoxide dismutase (Sigma Chemical). The OD of the supernatants was measured at 550 nm. The results of triplicate tests were averaged, and the superoxide anion release calculated using the Massey extinction coefficient.
Bactericidal activity. Quantitation of maximal bactericidal capacity was conducted in triplicate (28) . PMN were suspended in PBS-0.2% glucose-1% bovine albumin, at a concentration of 1 ϫ 10 7 cells/mL. Bacteria were freshly grown before each experiment and allowed to enter an early stationary phase (18 h at 37°C).
The final concentration of bacteria was calculated by spectrophotometry at 590 nm. A suspension of PMN was incubated with bacteria (Escherichia coli, 025 wild type, or Staphylococ-808 cus aureus 502A (ATCC 27217) at ratios 1:1, 1:5, and 1:10, and with 10% (vol/vol) AB serum, at 37°C for 0, 30, and 90 min, with continuous shaking. The PMN were lysed with distilled water; the suspensions were diluted and plated in triplicate on broth agar plates for 24 h at 37°C.
The effect of serum and PBS on the bacteria was evaluated (Ͻ2% at 90 min), the colonies were counted, and the decrease in colony formation was calculated relative to the control.
Statistical analysis. The statistical analysis was performed with the t test, the Mann-Whitney program, and the linear regression coefficient.
RESULTS
Patients with erythrocyte G6PD deficiency were evaluated for PMN-G6PD activity. The levels of G6PD activities of erythrocytes and neutrophils in patients and controls are shown in Table 1 . Patients with erythrocyte G6PD deficiency disclosed a parallel neutrophil G6PD deficiency, although the percentage residual G6PD activity in the PMN was generally higher than in the RBC.
We reassessed the enzyme levels of G6PD in RBC and in PMN of 12 adult patients during 8 wk and found the enzyme levels to be consistently reduced (data not shown). Additionally, we assessed the RBC and PMN enzyme activity at three different time points during the same day in 18 adults (9 patients and 9 controls). Each assay was performed in quintuplicate, and the inter-assay variation was 3-10%. At the different times, the G6PD enzyme showed a wider range of fluctuation in the PMN than in the RBC. Diurnal fluctuation of G6PD levels was evident in PMN and RBC in healthy controls (Table 2 ). This diurnal fluctuation was also demonstrated in the PMN-G6PD-deficient patients but not in those patients with G6PD-RBC deficiency in whom the G6PD activity was almost absent at all sampling points ( Table 2 ). The degree of fluctuation in PMN-G6PD activity was found at a similar extent in patients and controls. To exclude a possible inhibitory effect on the G6PD activity, the sonicated neutrophil extracts of patients and controls were mixed, and the enzymatic activity was recorded. No inhibitory effect was found.
The methylene-blue-stimulated HMP shunt activity and the superoxide anion release of PMN cells were significantly lower in the PMN of G6PD-deficient patients than in healthy controls (p Յ 0.01) ( Table 3) . A significant positive correlation was found between the levels of PMN G6PD activity, the HMP shunt activity (r ϭ 0.76, p Ͻ 0.01) (Fig. 1A) , and the superoxide anion generation (r ϭ 0.75, p Ͻ 0.01) (Fig. 1B) .
The bactericidal assay, performed simultaneously with the G6PD activity assay, showed that those patients with severe PMN-G6PD deficiency (PMN-G6PD activity Ͻ5% of normal) had a normal bactericidal activity, even when the cells were challenged with increased bacteria to PMN ratio. Results were similar with E. coli (Fig. 2) and S. aureus, after incubation of 60 min (patient versus control: 0.9 Ϯ 0.09 versus 0.8 Ϯ 0.1 log decrease of colonies, respectively; N.S.). No correlation between G6PD levels and the rate of bacteria killing was found, even in those patients with PMN-G6PD levels of 0, although a positive correlation was found between superoxide production and PMN-G6PD levels (Fig. 1B) . This indicates that alternative mechanisms for bacterial killing may be present beside the respiratory burst.
Likewise, no differences were observed in the PMN bactericidal activity between newborn infants with normal neutrophil G6PD levels and the corresponding group with PMN-G6PD deficiency (Fig. 2) , although the bactericidal activity of all newborn infants was significantly lower than that observed in older children and adults (p Ͻ 0.001). The superoxide production of neonatal neutrophils was found to be significantly lower in the nine neonates with neutrophil G6PD deficiency than in the eight neonates with normal enzymatic levels (15.5 Ϯ 7.1 versus 47.7 Ϯ 9.5 nmol/10 7 cells/5 min; p Ͻ 0.001). Further, as previously reported (29) , the neutrophil superoxide production of healthy neonates was found to be significantly higher than that observed in healthy adults (47.7 Ϯ 9.5 versus 33.5 Ϯ 8.6 nmol/10 7 cells/5 min; p Ͻ 0.01). In the present study, the 24 children and adults with complete RBC-G6PD deficiency experienced 17 episodes of acute hemolysis, and no history of recurrent, severe, or opportunistic bacterial/fungal infections was recorded in the chart of those with concomitant severe leukocyte G6PD deficiency (enzyme level Ͻ5% of normal). No evidence of hemolytic disease, metabolic disorders, or infectious diseases was detected in the jaundiced newborn infants during their first year of life.
DISCUSSION
It is well known that the heterogeneous pattern of expression of G6PD deficiency leads to different manifestations in various tissues (1) . The different clinical expression of the disease in various areas of the world most probably corresponds to the various mutations that determine the variations in the enzyme structure and activity, as reported by Beutler (1, 2, 30) and others (31, 32) . In case of mutations that render the mutant enzyme unstable, RBC, with their long survival of 120 d and their lack of new protein synthesis, will end up with hardly any G6PD activity left, whereas leukocytes, and especially neutro- phils, with their short survival time of about 2 d (8-10 h in the circulation) and their capacity of continuous protein synthesis, will succeed in maintaining a reasonable level of G6PD activity. However, in cases of mutations that decrease the enzymatic activity of G6PD, all tissues will suffer equally. Severe leukocyte G6PD deficiency is a rare disorder, which has been reported to predispose patients to suffer from severe pyogenic infections, although less frequent and less severe than those found in patients with CGD (11, 16 -19) . This predisposition is due to the fact that G6PD reduces NADP ϩ to NADPH, which is used by the neutrophil NADPH oxidase to generate superoxide (O 2 Ϫ ), a precursor molecule for bactericidal compounds. In addition, the NADPH oxidase enzyme is also instrumental in liberating and activating proteases involved in the bactericidal activity (6) .
In the present study, we investigated 33 Israeli patients with severe G6PD deficiency. We first determined the correlation between G6PD activity in RBC and PMN. We then evaluated the effect of PMN-G6PD deficiency on the hexose monophosphate shunt activity, superoxide generation, and bactericidal capacity. Finally, we determined the effect of the G6PD deficiency on the clinical manifestations of the patients.
Correlation between erythrocyte and leukocyte G6PD activity levels. The Israeli patients with erythrocyte G6PD deficiency showed a parallel enzyme reduction in the leukocyte G6PD activity, although to a different extent (Table 1) . These findings are in accordance with reports of other investigators 810 (1, 10, 33) . Leukocyte and erythrocyte enzyme activities showed a diurnal fluctuation pattern with unique characteristics for each. This diurnal variation in G6PD activity in leukocytes and erythrocytes was found in healthy and in PMN-G6PD-deficient patients (Table 2 ). Enzymatic diurnal fluctuation was previously reported in red blood cells (34) . In contrast to the healthy population, G6PD-deficient patients showed invariably low, nonfluctuating enzyme levels in the erythrocytes, but their neutrophils exhibited a wide range of enzymatic activity. The reason for the enzymatic fluctuation is not clear. Fluctuation of G6PD levels could be part of the enzymatic fluctuation as that seen in NADPH (35) as a result of feedback activation and inhibition of glycolytic enzymes, especially phosphofructokinase (36) . Indeed, these enzyme activities could have fluctuated as a result of a variable ATP utilization, a step that precedes G6PD activity. The degree of fluctuation in PMN-G6PD activity was found to be similar in patients and controls. This fact indicates that there is a basic feature of variation in the normal enzyme activity that is not a result of the deficient state.
Correlation between PMN-G6PD activity levels and phagocytic function. The positive correlation found between PMN-G6PD activity levels, the hexose monophosphate shunt activity (Fig. 1A) , and the superoxide production by neutrophils (Fig. 1B) , is consistent with the known role G6PD plays in the NADPH generation and its association with the oxidase activity. The availability of NADPH for the oxidase (as substrate) is essential for the killing of microorganisms by phagocytes (12) (13) (14) (15) (16) (17) (18) (19) .
Unexpectedly, the bactericidal killing by the neutrophils from PMN-G6PD-deficient patients was found to be normal (Fig. 2) , even when enzyme activity levels were Ͻ1% of control. Even at increased bacteria-to-cell ratios, the bactericidal activity remained normal. These findings are in accordance with those reported by Roos et al. (18) in a Dutch patient. We hypothesize that the normal bactericidal activity could be related to the diurnal fluctuating levels of the leukocyte enzyme activity, which might be sufficient to generate enough NADPH for adequate superoxide anion release by the phagocytes. Alternatively, it could be that there are other sources of NADPH than the HMP shunt, such as hydrogen transfer from NADH to NADP ϩ . As we previously reported (29, 37, 38) , the bactericidal activity of healthy newborn infants was found to be significantly lower than that of older children and adults ( Fig. 2 ; p Ͻ 0.001). Nevertheless, no differences were observed between the group of healthy newborn infants and the corresponding group with neutrophil G6PD deficiency. The superoxide production by neutrophils from G6PD-deficient neonates was found to be significantly lower than that of the healthy newborns (p Ͻ 0.001). In turn, healthy infants had significantly higher superoxide production than healthy adults, as reported in previous studies (39, 40) .
As derived from the findings of our study, it seems that additional factors rather than the superoxide production determine the bactericidal activity. On the one hand, the population of children and adults with severe PMN-G6PD deficiency, despite decreased superoxide production, disclosed a normal bactericidal activity; on the other hand, newborn infants with overproduction of superoxide anions had significantly decreased microbicidal activity compared with older children and adults. This decreased microbicidal activity is probably the outcome of impaired phagocytosis due to neonatal cell skeleton rigidity, as shown in cell polarization studies of neonatal neutrophils (41) . Further, this skeletal abnormality certainly contributes to the known defective neutrophil and monocyte chemotaxis in newborn infants (29) . Additionally, recent studies have shown that oxygen-independent mechanisms play a key role in the killing process. One of these is the bactericidal/ permeability-increasing protein (BPI), which selectively binds to Gram-negative bacteria and induces their death. The ability to release BPI was reported to be lower in newborn infants than in adult neutrophils (42, 43) .
Correlation between PMN-G6PD deficiency and pyogenic infections. In this study, patients with leukocyte G6PD deficiency (even those with extremely low levels of PMN-G6PD) had no more pyogenic infections than did healthy controls. This lack of pyogenic infections could be ex- 
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plained by the normal bactericidal activity recorded in all patients. Our findings are in contrast with those of Mallouh and Abu-Osba (20) , who observed an increased incidence of bacterial infections in 200 Saudi children with erythrocyte G6PD deficiency. It seems that the G6PD Mediterranean type is not homogeneous and may represent an assortment of similar but distinct variants.
CONCLUSION
In this Mediterranean study, our cohort of patients with severe erythrocyte G6PD deficiency showed recurrent and severe episodes of hemolytic anemia, with no increased incidence of bacterial infections. The neutrophils from these patients showed normal bactericidal activity in vitro, which supported the clinical observations. On the other hand, the normal bactericidal activity is in discordance with the reduced NADPH and superoxide generation. Diurnal fluctuating levels of PMN-G6PD activity were shown in this study and could be related to oscillations of feedback activation and inhibition of glycolytic enzymes in the PMN. Our results suggest that the rapid neutrophil turnover provides enough cells with sufficient production of NADPH for achieving an effective respiratory burst. Moreover, there might be an alternative source of NADPH or a compensatory nonoxidative bactericidal mechanism that could be actively involved in the killing of microorganisms. It is well known that these mechanisms are not sufficient in patients with CGD and occasionally in patients with extreme lack of leukocyte G6PD activity.
As previously stated, the clinical expression of G6PD deficiency is different in the various parts of the world. It could well be that there is a different enzyme expression in the patients from this study as in those from other origin, including other areas of the Mediterranean basin. The enzyme could vary in activity and in its stability, and both effects could result in different clinical expressions. Complementary studies should be performed to identify the genetic basis and the molecularbiochemical properties of the Israeli variants.
